ABSTRACT
INTRODUCTION
Lung cancer is worldwide one of the most frequent tumors in men and has an increasing prevalence in women (1, 2) . Often it is detected accidentally and in advanced stages. In these situations, the therapeutic options are limited to chemo-and radiotherapy, which are associated with insufficient or only temporary success in many cases (3) . However, there are many efforts to improve the therapeutic modalities by the introduction of new antibiotic drugs and combinations of chemo-and radiotherapeutic strategies.
The efficacy of the therapy applied is mostly controlled by imaging techniques and can be estimated after various cycles of chemotherapy or at the end of the therapy by macroscopic alterations of the tumor volume or diameter (4) . However, it would be useful to know earlier whether a tumor responds to the treatment, to adapt the procedure individually and to change the regimen in time. One potential approach is an intense monitoring of the initial treatment phase by biochemical parameters that correlate with the number of the killed tumor cells or with the aggressiveness of the tumor.
Typical products of cell death are nucleosomes, complexes that are formed from a core particle of several histone components and DNA on the outside (5, 6) . Linker DNA connects the nucleosomes to a chain-like structure. During cell death, endonucleases bind preferentially to these easy accessible linking sites between the nucleosomes and cut the chromatin into multiple mono-and oligonucleosomes (7, 8) . In cases of enhanced cell death, as during chemotherapy, they are also released into the circulation and can be detected in elevated amounts in serum or plasma (9, 10) .
Previous investigations into the spontaneous concentrations of nucleosomes in serum showed low levels in healthy individuals. In contrast, high amounts were found in patients with various malignant tumors but also in patients with benign pathologic conditions like severe inflammations. Among various tumor types, lung cancer was associated with the highest values of circulating nucleosomes (11, 12) .
Focusing on the kinetics of nucleosomes in the serum of patients with malignant tumors during chemotherapy, a typical course could be observed. In the first days of the therapy, the levels of the nucleosomes increased rapidly, followed by a decrease in the treatment-free period and similar peaks in the following cycles. The baseline values, which were determined before each new cycle, increased typically in many patients with macroscopic progression and decreased in patients with remission of disease (12, 13) . This approach is comparable with the use of other biochemical markers like tumor-associated antigens (14) .
Because of the short half-time of nucleosomes in circulation (15) and their correlation with the extent of cell death (16) , the course of nucleosomes during the first cycles of chemotherapy could already contain valuable information about the response of the tumor to the treatment applied. Therefore we concentrated in a further step on the first two cycles of chemotherapy, which was applied on patients with advanced lung cancer, to enlighten the potential use of nucleosomes for the early prediction of the therapeutic efficacy and to compare its power with well established biochemical parameters.
PATIENTS AND METHODS
Study Population. Two hundred and twelve patients with inoperable non-small-cell lung cancer (NSCLC; stages III and IV) under the care of the Department of Oncology of the Asklepios Clinics Gauting were included in our study. All patients were investigated initially by whole body computed tomography, bone scan, and bronchoscopy. Histology was available in all cases and confirmed 60 patients having squamous cell carcinoma, 84 patients having adenocarcinoma, and 68 patients having NSCLC without any further specification.
All patients received first-line chemotherapy regimens containing alternatively carboplatin area under the curve (AUC) Generally, the study was done prospectively. All patients with newly diagnosed lung cancer who received first-line chemotherapy were included without any selection criteria.
Classification of Response to Therapy. Before start of the third cycle of chemotherapy, staging investigations were done consisting of clinical examination, whole body computed tomography, and laboratory examinations. The response to therapy was classified according to the World Health Organization classifications defining "remission" as reduction of the tumor volume Ն50%, "progression" as increase of the tumor volume Ն25% or appearance of new tumor manifestations, and "no change" as reduction of the tumor volume Ͻ50% or increase Ͻ25%. In our study population, 83 patients reached remission (39.2%), 69 suffered from progression (32.5%), and 60 had no change of disease (28.3%) Because the approach of the first-line therapies was a clear reduction of the tumor volume, the patients with progression and no change were joined to the group of nonresponders to therapy (129 patients, 60.8%). Patients with remission were classified as responders to therapy (Table 1) .
Sample Collection and Assays. Blood samples were collected prospectively before the first, second, and third cycle of therapy for determination of baseline values (BV1, BV2, and BV3) and the kinetics of these baseline values. Additionally, samples were collected during the first week of the first cycle, ideally at days 1 (before start of the therapy), 3, 5, and 8 for the intensified monitoring of the initial phase of therapy.
The samples were centrifuged at 3000 ϫ g for 15 minutes
and treated with 10 mmol/L EDTA (pH 8) immediately after centrifugation. Subsequently, they were stored at Ϫ70°C and analyzed in batches containing all samples of a single patient. The details of the preanalytic handling are described in Holdenrieder et al. (17) . Nucleosomes were determined by the Cell Death Detection-ELISA plus of Roche Diagnostics (Mannheim, Germany). This assay was modified for its use in serum matrix as specified in Holdenrieder et al. (17) . Nucleosomes were quantified in arbitrary units (AU).
Additionally, the baseline values of tumor-associated antigens were determined before each therapeutic cycle (BV1, BV2, and BV3) by routine methods at the day of sample collection without any storage procedures: carcinoembryonic antigen (CEA) and cytokeratin 19 fragments (CYFRA 21-1; Elecsys 2010, Roche Diagnostics).
Statistical Analysis.
The following values of nucleosomes were considered for the statistical analysis:
• the baseline values before the first, second, and third cycle (BV1, BV2, BV3); • the changes between the baseline values 1 and 2 (BV1-2) and 1 and 3 (BV1-3);
• the area under the curve from days 1 to 8 (AUC 1-8).
For the calculation of AUC 1-8, the nucleosome values of the days 1 and 8 and at least one of the days 3 and 5 were required. Although the baseline values expressed the spontaneous NOTE. Characteristics of the sample investigated. Patients received therapy protocols containing CMV or MV or GC. Patients with progression and no change were joined into the group of nonresponders; patients with remission were considered as responders.
Abbreviations: GC, gemcitabine ϩ cisplatin; CMV, carboplatin ϩ mitomycin c ϩ vinblastin; MV, mitomycin c ϩ vinorelbin.
concentration of nucleosomes in serum, AUC 1-8 reflected the changes that were induced by therapy. Additionally, the baseline values (BV1, BV2, and BV3) and their kinetics (BV1-2 and BV1-3) of the tumor-associated antigens CEA and CYFRA 21-1 were included in the statistical analysis.
To evaluate all variables in a similar way, cutoffs were determined according to a defined procedure and tested for their power to discriminate between responders and nonresponders, as follows:
• the median of all patients investigated was defined as cutoff, • in case of substantial discrimination between responders and nonresponders by the median, the quartiles (25th and 75th quantiles) of all patients were also tested to determine whether they could enhance the grade of significance. Univariate analysis was done by 2 test. All parameters that showed substantial discriminating power in univariate analysis were included in a multivariate logistical regression analysis to evaluate the independent predictive factors for the response to therapy. In this model, interaction between mode of therapy, histology, and markers were also tested. A P value of P Ͻ 0.05 was considered statistically significant. All statistical analyses were done with SAS software (version 8.1, SAS Institute Inc. Cary, NC).
RESULTS
When the median of all patients investigated was used as cutoff for the discrimination between responders and nonresponders, the pretherapeutic levels of circulating nucleosomes (baseline value 1 ϭ BV1) could not distinguish significantly between both groups (median ϭ 388 AU; P ϭ 0.169). However, the baseline values of nucleosomes before start of the second cycle (BV2; 216 AU; P ϭ 0.0001) as well as before start of the third cycle of therapy (BV3; 184 AU; P Ͻ 0.0001) were significantly lower for patients with response than for those with no response to therapy. Consistently, patients with response showed significantly higher decreases from baseline value 1 to 2 (P ϭ 0.046) and from baseline value 1 to 3 (P ϭ 0.036). Interestingly the course during the first week of therapy already revealed significant differences between both groups: Patients with response to therapy exhibited only slight increases (pretherapeutic value, 344 AU; maximum value, 436 AU) followed by notable decreases until day 8 (140 AU). In patients with no response, the nucleosome values rose higher (pretherapeutic value, 442 AU; maximum value, 632 AU) and dropped less efficiently until day 8 (290 AU). When the area under the curve of all values available during the first week (AUC 1-8) was calculated, it was significantly lower for responders than for nonresponders (P ϭ 0.005; Fig. 1 ).
Concerning other established oncological biomarkers in lung cancer, CEA did not show any significant difference between both groups for the pretherapeutic BV1 (P ϭ 0.273), the baseline value before start of the second cycle (BV2; P ϭ 0.111), and the baseline value before start of the third cycle (BV3; P ϭ 0.385). However, the kinetics of the baseline values of CEA were different in both groups: Whereas most of the patients with response to therapy showed decreasing baseline values, they mainly increased in patients with no response. This difference was significant for the kinetics from cycle 1 to 2 (P ϭ 0.004) but not for the kinetics from cycle 1 to 3 (P ϭ 0.172).
With regard to CYFRA 21-1, responders had markedly lower values for all time points investigated compared with nonresponders. Already the pretherapeutic BV1 showed a strong tendency to discriminate between both groups (P ϭ 0.059), and the difference was highly significant for the baseline value before start of the second cycle (BV2; P Ͻ 0.0001) and the baseline value before start of the third cycle (BV3; P Ͻ 0.0001). Furthermore, we observed in patients with response, a significantly stronger decrease of the baseline values from cycle 1 to 2 (P ϭ 0.0006) and from cycle 1 to 3 (P Ͻ 0.0001) compared with those without response to therapy (Fig. 2) .
By also testing all variables that discriminate significantly between responders and nonresponders with the 25th percentile (quartile 1 ϭ Q1) and the 75th percentile (quartile 3 ϭ Q3) of the whole sample as further cutoffs, in some cases the grade of significance could still be enhanced: such as for the baseline value 2 of nucleosomes (Q3), the decrease from baseline value 1 to 2 of nucleosomes (Q1), the decrease from baseline value 1 to 3 of nucleosomes (Q3), the AUC 1-8 of nucleosomes (Q1), the baseline value 1 of CYFRA 21-1 (Q1), and the decrease from baseline value 1 to 2 of CYFRA 21-1 (Q3). All other variables discriminated best when the median was used as cutoff ( Table 2) .
Concerning clinical parameters, patients with response and no response to therapy exhibited significant differences for age, stage, histology, and mode of therapy; however, not for gender; patients younger than 52 years (Q1) had a significantly poorer response to therapy than older ones (P ϭ 0.038). Furthermore, patients with distant metastases showed a poorer response than those with stage 3 disease (P Ͻ 0.0001). In patients with adenocarcinoma or not further classified NSCLC less sufficient response was observed than in those with squamous cell carcinoma (P ϭ 0.008). And patients receiving schedules containing carboplatin, mitomycin c, and vinblastin or mitomycin c and vinorelbin were correlated with worse response than patients treated by gemcitabine and cisplatin (P ϭ 0.0003).
In multivariate analysis, all univariately significant parameters were included that were available until start of the second cycle of therapy. Among them, staging, mode of therapy, baseline value 2 of nucleosomes, and baseline value 2 of CYFRA 21-1 proved to be independent predictive factors for therapy outcome. When the time frame was restricted to the first cycle, staging, and age, AUC 1-8 of nucleosomes and baseline value 1 of CYFRA 21-1 remained as independent predictors of the therapy outcome with AUC 1-8 of nucleosomes having the strongest impact. In these models, no interactions among mode of therapy, markers, and therapy response nor among histology, markers, and therapy response were found. Table 3 
DISCUSSION
Many studies dealing with circulating nucleic acids in serum and plasma revealed their high potential for diagnosis of cancer disease (18 -20) . Techniques like the PCR and mass spectroscopy contribute to a high diagnostic sensitivity (21) . Characteristic mutations, alterations of microsatellites, and epigenetic changes provide a high specificity for the detection of cancerous DNA (22) (23) (24) (25) (26) . Already at time of diagnosis, these parameters also contain valuable prognostic information for many cancers (22, 23) . Besides the qualitative aspects of circulating DNA, their quantity was also shown to be elevated in the serum and plasma of cancer patients (11, 12, 27-31). However, NOTE. Summary of all parameters investigated with the corresponding median of all patients and the P value ( 2 ). In case of significant discrimination by the median, the quartiles (25th percentile and 75th percentile) were additionally tested as cutoffs on their discriminating power. The best discriminating cutoff is indicated by bold letters.
Abbreviations: AU, arbitrary units; Dec, decrease; GC, gemcitabine ϩ cisplatin; CMV, carboplatin ϩ mitomycin c ϩ vinblastin; MV, mitomycin c ϩ vinorelbin; SC, squamous cell carcinoma; AC, adenocarcinoma; NCC, not classified carcinoma. because of the overlap with some benign diseases that are critical for the differential diagnosis of cancer, the diagnostic value of DNA concentration is limited (12) . Nevertheless several studies have shown its prognostic value for various cancer types (32) (33) (34) . Because the determination of these qualitative and quantitative parameters can be done in serum and plasma that is easily obtainable, these methods could also be used in serial measurements; in patients with EBV-associated cancers, the response to radiotherapy correlated well with the kinetics of EBV-DNA quantity in plasma (35, 36) .
Most circulating DNA is likely to be bound to histones that conserve DNA from endonucleatic digestion in serum and plasma and to exist in form of mono-and oligonucleosomes (37) (38) (39) . These nucleosomes can be detected directly by an ELISA that is easy to handle and cost effective (17) . First investigations with this method confirmed the elevated nucleosome values in cancer patients compared with healthy persons and the correlation of the nucleosome kinetics with the therapeutic efficacy during radio-and chemotherapy (12, 13) . As an important mechanism by which nucleosomes are released into circulation is apoptotic cell death (9, 11, 16) , which is induced by these therapies most effectively at the initial phase, and as the half-life of nucleosomes in circulation is very short (15), we focused particularly on the first cycles of chemotherapy and investigated whether nucleosomes might be an early prediction of the response to therapy. If so, this would open the appealing possibility to modify and tune the therapeutic regimen at an early time point or even to change it completely.
In univariate analysis, patients with response to therapy tended to have lower pretherapeutic nucleosome levels than nonresponders. Because these values were not influenced by treatment, they would have rather prognostic than predictive impact. More related to therapy were the precyclic values before cycle 2 and 3 and the kinetics from cycle 1 to 2 as well as from cycle 1 to 3. Because response to therapy was clearly correlated to low absolute values and strong decreases, the balance of continuous release and elimination of nucleosomes in circulation was shown to be modulated effectively by successful treatment. In contrast, patients with no response to therapy continued to have higher rates of release and/or lower rates of elimination of circulating nucleosomes.
The direct therapeutic effect would be reflected most evidently by the values during the first week of cycle 1 of chemotherapy. Because antitumor therapy generally aims at the effective reduction of tumor cells, response to therapy was expected to be linked to an initial high release of nucleosomes. However, patients responsive to therapy showed lower maximum values during the first week as well as lower levels at day 8 compared with nonresponders. When all values during the first week were integrated in the AUC 1-8, responders exhibited highly significant lower values than nonresponders. This observation was surprising but could be attributed to various reasons. Patients with no response to therapy seem to have more aggressive tumor disease related to (a) a high spontaneous turnover of cell death and proliferation, (b) a high number of undifferentiated cells prone to be killed by antitumor therapy, and (c) dysfunctional DNArepair mechanisms unable to save cells after substantial damages by therapy. Because patients with metastasized disease showed a poorer response, (d) the access to blood circulation of nucleosomes released by dying cells might also contribute to the more pronounced peak in nonresponders. Finally, (e) the elimination of nucleosomes from circulation by renal, hepatic, or intraplasmatic processes seems to be impaired in patients with insufficient response, which is also illustrated by the significantly higher value 1 week after start of the therapy.
There are several studies that confirm the rapid increase of circulating nucleosomes, DNA or EBV-DNA followed by a decrease in the first week during chemo-and radiotherapy and also after surgery. Lo et al. (36) could show that EBV-DNA values in patients with nasopharyngeal cancer rose immediately after start of radiotherapy (median time to the peak 3.0 days) and declined afterward with a median half-life of 3.8 days. Kuroi et al. (40) found a specific peak of circulating nucleosomes 48 to 72 hours after start of chemotherapy in patients with breast cancer. Trejo-Becerril et al. (41) confirmed these results in patients with cervical cancer undergoing chemotherapy. After surgery of patients with nasopharyngeal cancer, the initial peak of EBV-DNA followed by a rapid decrease could also be observed. The median half-life of the decay was calculated as 139 minutes (42). Failure of complete and rapid elimination of EBV-DNA was correlated to disease recurrence later on.
We have shown recently the typical kinetic patterns of circulating nucleosomes in serum during chemo-and radiotherapy in patients with various tumor types (12, 13). There we showed that response to chemotherapy was correlated with decreasing precyclic baseline values whereas progression was linked with increasing or constantly high values. However, this study is to our knowledge the first one revealing the potential of the course of circulating nucleosomes during the very initial phase of chemotherapy for the prediction of therapy response.
Concerning oncological biomarkers in NSCLC, CEA and CYFRA 21-1 are used often for differential diagnosis of NOTE. Multivariate analysis including all significantly discriminating parameters available (a) until start of the second cycle of chemotherapy and (b) until end of the first cycle of chemotherapy with the corresponding cutoffs chosen, P values, odds-ratios, and confidence intervals.
NSCLC (43, 44) . Here we could show that CEA and particularly CYFRA 21-1 have great potential for monitoring therapy and predicting of therapy response. This was confirmed recently for the kinetics of CYFRA 21-1 in a smaller study including 58 patients with NSCLC (45) . Because CYFRA 21-1 is located at least partly inside epithelial tumor cells and is released during or after cell death (46) , the correlation of therapy response and decreasing CYFRA 21-1 levels could be explained by an effective reduction of the tumor cell number.
An essential point for the outcome of a study is the definition of appropriate cutoffs for the parameters investigated. Because the aim of the study was to evaluate all parameters in a comparable way, the median of all the patients was chosen as rationale for defining the cutoffs. In case of significant discrimination between responders and nonresponders by the median, the quartiles (25th and 75th quantiles) of the sample were additionally tested for whether they could enhance the grade of significance. Choosing this procedure, we took into account that some markers have a better power of discrimination at low or high levels. Although the results for each variable could have been better by optimization of the cutoff, a rationale for the definition of the cutoffs avoided the overfitting of the results to this special setting of patients and enabled the transfer to other samples.
The early prediction of therapy response by clinical and biochemical parameters would offer the possibility of having this important information before staging investigations and of modulating the treatment already at the initial phase. Among the parameters that were available until start of the second cycle of chemotherapy, stage and mode of therapy proved to be independent predictive factors in multivariate analysis as well as the baseline value 2 of nucleosomes and CYFRA 21-1. Concerning the time frame restricted to the first cycle, nucleosomes (AUC 1-8) and CYFRA 21-1 (baseline value 1) remained independent predictive parameters in addition to the clinical parameters stage and age. In the latter setting, the AUC 1-8 of nucleosomes was the only variable that was directly influenced by the therapy and that had the strongest predictive impact. These results indicate the power of circulating nucleosomes (if determined in a close meshed manner during the initial phase of chemotherapy) and CYFRA 21-1 in addition to well known clinical prognostic factors for the early prediction of the therapy response. After confirmation by multicenter trials, these results encourage the introduction of nucleosomes and CYFRA 21-1 in new therapeutic study protocols.
